Imaging of downgoing first-order free-surface multiples (ghosts) with VSP data can provide a subsurface image with wider coverage, better vertical resolution, and higher-fold than conventional imaging of VSP primary reflections. A problem with VSP downgoing first-order multiple (ghost) imaging is the interference from downgoing high-order multiples, similar to the interference from multiples when CDP primaries are migrated. A solution to this problem is to attenuate the high-order multiples prior to imaging the first-order multiples (ghosts). A prediction and then subtraction strategy can be employed to attenuate the high-order multiples. A model-based prediction method is used to predict the high-order multiples, and then a multichannel matching filter is employed to subtract the modeled multiples. After these two steps a first-order multiple (ghost) imaging condition can be applied to the data, and the blurring due to high-order multiples will be diminished.
Introduction
Multiples have been migrated with the method of interferometric imaging and with seminatural Greens' function , and some positive results have been achieved Jiang et al., 2005a Jiang et al., , 2005b . But there still exists a problem with multiple imaging: when the data is migrated with a low-order multiple (e.g., first-order multiple in Figure 1a) imaging condition, the high-order multiples (e.g., see Figure 1b , c, and d 1 ) will interfere and blur the migration image. Thus a multiple attenuation step should be applied to the data to attenuate high-order multiples before a low-order multiple migration strategy is employed. Similarly, in conventional VSP primary reflection imaging, upgoing multiples (e.g., see Figure 2b , c and d) will interfere and generate artifacts on the primary migration image. Thus the upgoing multiples should be attenuated before the data is migrated with a primary reflection imaging condition.
Attenuation of multiples (upgoing multiples or downgoing high-order multiples) consists of two steps: prediction and then subtraction. The wave-equation-based multiple emulation methods have been proposed and used by many researchers Wiggins, 1988; Berkhout and Verschuur, 1997; . In this paper, a wave-equation-based multiple emulation method using a model containing the strong multiple generator is used. After multiple prediction, a multichannel matching filtering method is employed to subtract the modeled multiples from the data.
The first part of of this paper introduces the method of multiple prediction and subtraction. The second section shows some numerical results. The last part draws a brief conclusion and discusses the future work.
Attenuation of High-order Multiples in Loworder Multiple Imaging
With a downgoing first-order multiple imaging condition, the downgoing high-order multiples will interfere and blur the first-order multiple migration image. Thus we need to first attenuate those high-order multiples (while preserving the first-order multiples for imaging purpose). For marine seismic data, the high-order multiples from the sea bed are very strong and can blur the first-order multiple migration image. For onshore seismic data, the highorder multiples from strong reflectors such as salt boundaries can blur the multiple migration image. Our goal is first to predict the high-order reverberations between these strong reflectors and the free surface, based on a model that contains these reflectors, and then subtract the modeled reverberations. Figure 1b , c, and d show examples of multiples that can be predicted. The highorder multiples from s to g will be predicted if the event from s to g is propagated one more round trip between B 0 and B 1 , where B 0 refers to the free surface and B 1 refers to a strong multiple generator, such as the sea bed of the raypaths are between B 0 and B 1 . These upgoing multiples can be predicted if the event U (s , g) is propagated one more round trip between B 0 and B 1 . Here s and s denote for sources along the free surface B 0 , and g is a receiver in the well. B 1 is a strong multiple generator such as the sea bed or salt boundary. A is a point along B 1 .
or salt boundary. In a simplified format, the prediction can be briefly expressed as:
where D(s , g) is the downgoing component of the VSP data, G(s, s ) denotes the Green's function for propagating the wavefield one more round trip between B 0 and B 1 from s to s, and D(s, g) is the modeled downgoing multiples. In our test a model containing the strong reflector is first prepared, and then a finite-difference solution to the wave equation is used for the propagation, or in other words, is used as the Green's function G(s, s ) in equation 1. From the above discussion it is known that for the high-order multiple to be predictable it is necessary for the first two legs of its raypath to be between the free surface B0 and the strong multiple generating interface B 1 .
Following multiple prediction, the modeled multiples are subtracted from the data with a mutichannel matching filter. The multichannel matching filter uses the lateral coherency of adjacent traces as a constraint to discriminate primaries from overlapping multiples. The energy difference between the original data traces and the multiplemodel traces is minimized in a least-squares sense :
where y(t) denotes the downgoing component of the VSP data, m j (t) represents the predicted high-order downgoing multiples, f j (t) is the multichannel filter, * denotes convolution, and p(t) is the downgoing component with high-order downgoing multiples attenuated. Here the main component of p(t) is the downgoing first-order freesurface multiple (Figure 1a ).
Attenuation of Multiples in Primary Imaging
The upgoing wavefield in VSP data mainly consists of primary reflections and upgoing multiples (e.g., see Figure 2). With a primary imaging condition, the upgoing multiples will interfere and generate artifacts in the migration image. Thus in the conventional VSP primary imaging the upgoing multiples should be attenuated as much as possible.
Upgoing multiples from the sea bed are usually strong in marine seismic data; for onshore seismic data, upgoing multiples from strong reflectors such as salt boundaries can blur the primary reflection migration image. Similar to the method described in the previous section, we can first predict the upgoing multiples between these strong reflectors and the free surface, based on a model containing these reflectors, and then subtract the modeled reverberations. Figure 2b , c, and d are examples of multiples that can be predicted. The upgoing multiple from s to g can be predicted if the event from s to g is propagated one more round trip between B 0 and B 1 .
The prediction can be briefly expressed as:
where U (s , g) is the upgoing component of the VSP data, G(s, s ) denotes the Green's function for propagating the wavefield one more round trip between B0 and B1, and U (s, g) is the modeled upgoing multiples. After prediction, the modeled multiples can be subtracted from the raw data with a multichannel matching filter, similar to that described in the preceding section.
For convenience of describing the methodology, it is assumed above that the upgoing and downgoing components are separated, and then the prediction and subtraction processes are performed on the two components separately. In practice another strategy can be used: the whole wavefield (without upgoing and downgoing components separation) can be used to predict the multiples, which include both the upgoing and the downgoing multiples, and then these predicted events can be subtracted from the data. In the numerical examples shown below, the latter strategy is used.
Field Data Test
A 2-D VSP marine field data set was recorded using 12 receivers along a well around the depths of 5000 meters. Altogether 652 shots are deployed on the surface. Figure 3 shows a common receiver gather, where the firstorder and second-order downgoing multiples from the sea bed can be identified. The first-order multiple needs to be preserved for the goal of multiple imaging, while the highorder multiples should be attenuated as much as possible before a first-order multiple imaging condition is applied to the data. Figure 4 shows a common receiver gather before and after multiple attenuation. It can be seen that the first-order downgoing multiple is preserved, while the high-order (e.g., second-order) multiple is attenuated. The predicted multiples are shown in Figure 4c .
The first-order multiple migration images before and after high-order multiple attenuation are shown in Figure 5 . Because the whole wavefield except the direct wave is used for prediction, both the upgoing multiples and downgoing high-order multiples are predicted. Note the downgoing first-order multiple from the sea bed is not predicted since the direct wave is not input to the prediction process.
The whole wavefield is input for imaging without upgoing and downgoing separation, with the hope that the upgoing energy will be canceled when the downgoing firstorder multiple imaging condition is applied to the data. Figure 5 shows that the artifacts generated by high-order multiples are diminished, and a cleaner multiple migration image is obtained. 
Conclusions
The interference from high-order multiples while imaging VSP first-order multiples, and the interference from multiples while imaging VSP primary reflections, can both be diminished with a prediction and then subtraction strategy. The prediction strategy requires a model that contains the strong multiple generating interface such as the sea bed or salt boundaries. With the model prepared, a finite-difference solution to the wave-equation is used to propogate the data one more round trip between the freesurface and the multiple generating interface. The subtraction is a multichannel filtering method. The strategy works on a field data set. Our multiple prediction method is model-based, so the accuracy of the multiple prediction, and thus the quality of multiple attenuation, is affected by the accuracy of the estimated model. To avoid this limitation, we will use data-based multiple prediction methods in our future work.
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